Background We recently described a technique for monitoring intraspinal pressure (ISP) after traumatic spinal cord injury (TSCI). This is analogous to intracranial pressure monitoring after brain injury. We showed that, after severe TSCI, ISP at the injury site is elevated as the swollen cord is compressed against the dura. Methods In a patient with complete thoracic TSCI, we sequentially monitored subdural ISP above the injury, at the injury site, and below the injury intraoperatively. Postoperatively, we simultaneously monitored subdural ISP and intraparenchymal ISP at the injury site and compared the two ISP signals as well as their Fast Fourier Transform spectra. Results Subdural ISP recorded from the injury site was higher than subdural ISP recorded from above or below the injury site by more than 10 mmHg. The subdural and intraparenchymal ISP signals recorded from the injury site had comparable amplitudes and Fast Fourier Transform spectra. Intraparenchymal pulse pressure was twofold larger than subdural pulse pressure. Conclusion After severe TSCI, three intradural compartments form (space above injury, injury site, space below injury) with different ISPs. At the level of maximum spinal cord swelling (injury site), subdural ISP is comparable to intraparenchymal ISP.
Introduction
The management of acute severe traumatic spinal cord injury (TSCI) is variable [1] . We recently introduced intraspinal pressure (ISP) and spinal cord perfusion pressure (SCPP) monitoring for patients with TSCI [2] . This is analogous to intracranial pressure and cerebral perfusion pressure monitoring after severe traumatic brain injury [3, 4] . Data obtained from 18 patients with severe TSCI showed that ISP is high and SCPP is low at the injury site [2] . By intervening to increase SCPP, we could increase blood flow to the injury site, detected by indocyanine green fluorescence. We showed that, after TSCI, the spinal cord swells at the injury site and becomes compressed against the surrounding dura. The role of the dura in causing high ISP was demonstrated in our recent study of 21 TSCI patients [5] . Laminectomy with expansion duroplasty was associated with lower ISP, higher spinal cord perfusion pressure (SCPP), and improved sPRx than laminectomy alone. MR imaging suggests that, as the injured spinal cord swells, three intradural compartments form: the space above the injury, the injury site, and the space below the injury (Fig. 1a left) . Here we compare ISPs from each of these compartments. We also compare the subdural and intraparenchymal ISP signals recorded from the injury site.
Materials and Methods

Institutional Board Approval
Approval was obtained as part of the Injured Spinal Cord Pressure Evaluation (ISCoPE) study from the St. George's Joint Research Office and the National Research Ethics Service London-Camberwell St Giles Committee (No. 10/H0807/ 23). A substantial amendment to the original approval was obtained, allowing insertion of an intraparenchymal probe in addition to the subdural probe in ASIA A patients with TSCI.
Patient Recruitment
The study was explained to the patient and family and they were given the approved Patient Information Sheet. The patient agreed to participate and signed the approved ISCoPE informed consent form. He had no other major injuries or co-morbidities. For the duration of the study, he was nursed in the neuro-intensive care unit. Neurological examination was conducted by a neurosurgery resident preoperatively, at the time of transfer to a rehabilitation facility (2 weeks) and at 6 months. 
Subdural ISP Probe
At the end of posterior surgery to realign and fix the spine, a 14-gage introducer was used to tunnel an ISP probe (Codman, Depuy Synthes UK) through the skin into the wound. A 21-gage needle bent at 90°was used to perforate the posterior aspect of the dura and arachnoid, one level below the injury. The 90°bend prevented cord damage when perforating the dura. The ISP probe was advanced through the dural hole along the side of the cord at 5 mm intervals then withdrawn at 5 mm intervals (Fig. 1b) . Intraoperatively, we recorded for 2 min from each site to obtain the pressure profile of the injured spinal cord. We then placed the probe tip between swollen cord and dura at the region of maximum pressure for postoperative recording (Fig. 1a right) .
Intraparenchymal ISP Probe
A second Codman ISP probe was tunneled through skin similar to the subdural probe. The dura was incised posteriorly in the midline for 1 cm. A 21-gage needle was advanced into the spinal cord under the operating microscope until the tip was at the site of maximal spinal cord swelling and withdrawn. The ISP probe was then inserted along the needle tract such that the tip was in the spinal cord at the same level as the tip of the subdural probe (Fig. 1a,  right) . The dural opening was sutured and supplemented with fibrin glue (Tisseel Ò , Baxter, UK). The subdural and intraparenchymal probes were secured to the skin with silk sutures and were used for postoperative recordings for 96 h.
Monitoring
Arterial blood pressure (ABP) was monitored via a radial artery with the catheter kept at the same level as the ISP probes. The subdural and intraparenchymal ISP probes were connected to Codman ICP Express monitors and, in turn, to a PowerLab data acquisition device via a ML 221 amplifier running LabChart V7.3.3 (ADInstruments, Oxford, UK). The ABP output was taken from the bedside monitoring system (Philips Intellivue MX800, Philips, UK) and connected to the PowerLab. ISP and ABP were sampled continuously at 1 kHz.
Data Analysis
ISP data from both probes were down-sampled to 100 Hz in LabChart and analyzed using R (v3.1.2). Mean ISP was computed for each corresponding RR interval on the electrocardiogram trace. We computed Pearson's correlation coefficient between subdural and intraparenchymal ISP.
Spectral analysis of subdural and intraparenchymal ISP waveforms was performed using Fast Fourier Transform.
Results
Patient Details
A 25-year-old male sustained a blunt T3 complete (ASIA A) spinal cord injury (Fig. 1a left) . This patient was part of the ISCoPE study. At 19 h, he had bony realignment, pedicle screw fixation, laminectomy, and insertion of subdural and intraparenchymal ISP probes. Postoperative CT confirmed probe position. The patient did not deteriorate neurologically (i.e., unchanged sensory level) at the end of the monitoring period, at 2 weeks and 6 months.
Subdural ISP Profile
In contrast to other ISCoPE patients, in this patient, we used the subdural probe to monitor ISP intraoperatively at different insertion distances. From the ISP waveforms, we computed the mean maximum (systolic) and mean minimum (diastolic) ISP at each probe site and plotted these against the probe insertion distance. Figure 1b shows that subdural ISP increases with distance from the entry site to a maximum at 1.5-2.0 cm, before decreasing. This ISP profile indicates three intradural compartments: space below injury, injury site (with spinal cord compressed against dura), and space above injury.
Subdural versus Intraparenchymal ISP at Injury Site
The subdural and intraparenchymal ISP waveforms are comparable to the intracranial pressure waveform [3] . Visual inspection suggests that the subdural and intraparenchymal ISP signals are very similar and a plot of the two pressures for the entire monitoring period (203,628 points) confirms this observation (Fig. 1c) . The pulse pressure (maximum minus minimum) was larger for intraparenchymal than subdural ISP waveforms (Fig. 1d) . The Fast Fourier Transform spectra of the subdural and intraparenchymal ISP signals were similar, with peaks corresponding to respiratory rate (0.2-0.3 Hz), heart rate (*1-2 Hz), and harmonics (Fig. 1e) .
Discussion
We showed that, after severe TSCI, three intradural compartments form with different ISPs, and that intraparenchymal ISP is the same as subdural ISP at the injury site.
After a severe TSCI, the injured spinal cord appears swollen on MRI with obliteration of the surrounding CSF space. As a result of spinal cord swelling and compression against the dura at the injury site, three intradural compartments form, space above, injury site, and space below. This compartmentalisation gives rise to high ISP at the injury site and low ISP in the spaces above and below. Our data were obtained from one TSCI patient. We, therefore, examined the admission MR scans of patients with severe spinal cord injury and found spinal cord compression in 61/64 (95 %) patients. Of those with cord compression, 16/61 (26 %) had dural (i.e., adequate spinal canal, but swollen spinal cord compressed against dura) and 45/61 (74 %) extradural (i.e., bony mis-alignment causing reduced spinal canal with spinal cord compression). These findings suggest that the three intradural compartments occur in many patients with TSCI.
The ISP profile of a swollen spinal cord has important clinical implications. Monitoring ISP through a lumbar CSF catheter, as performed in a study of TSCI patients [6] and a pig TSCI model [7] , is inadequate when the injured cord is compressed against dura because lumbar ISP is not the same as ISP at the injury site. Draining CSF through a lumbar catheter is unlikely to reduce ISP at the injury site and is not, therefore, an effective therapeutic maneuver. It is the ISP at the injury site that must be targeted to improve outcome, e.g., by surgical decompression. As shown here, bony decompression (realignment of the fractured spine and laminectomy) does not effectively decompress the injured cord, because of dural compression. This observation may explain why early bony decompression after TSCI remains controversial [8, 9] . A recent human trial [5] and earlier animal studies [10] [11] [12] suggest that the dura should be opened (expansion duroplasty) to effectively decompress the swollen, injured spinal cord. As the spinal cord swelling resolves, we predict that the three intradural compartments will communicate freely such that ISP at the injury site equals cerebrospinal fluid pressure.
We showed that intraparenchymal ISP is comparable to subdural ISP after TSCI. This observation suggests that, as the injured spinal cord swells, the intraparenchymal pulsations are transmitted to the subdural probe. This is analogous to the brain, in which the subdural, intraventricular, and intraparenchymal pressures are the same with the subject lying flat [13] . Our data show that the subdural pulse pressure is about half the intraparenchymal pulse pressure. One explanation is that the pia mater provides some resistance that dampens transmission of intraparenchymal pulsations to the subdural probe. Despite the difference in pulse pressure, the mean waveform pressure and the signal frequency profile are the same for subdural and intraparenchymal ISPs. Therefore, the subdural and intraparenchymal ISP signals are comparable. This finding is clinically important, because subdural ISP monitoring is less invasive than intraparenchymal ISP monitoring.
Monitoring ISP is clinically useful because it allows the SCPP to be computed as the difference between mean arterial pressure and ISP. We showed that TSCI patients have an optimum SCPP [2] , analogous to the optimum cerebral perfusion pressure after traumatic brain injury [14] . Subdural ISP monitoring at the injury site may allow the treating doctors to provide individualized treatment by targeting the optimum SCPP in the neuro-intensive care unit, which may vary between patients. Though we developed ISP monitoring to guide management of patients with severe TSCI, it can also be used for other diseases that cause spinal cord swelling such as longitudinally extensive transverse myelitis.
Conclusion
After severe TSCI, three intradural compartments form (CSF above, injury site, and CSF below), with different ISPs. At the injury site, intraparenchymal ISP is the same as subdural ISP.
